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INTRODUCTION 
Two horizons of soft-sediment deformation, 
bounded by horizontal strata, are described within 
micaceous calcareous siltstones of Ludfordian age. 
These are exposed in the old Whitcliffe quarry, 
above the western bank of the River Teme, facing 
the town of Ludlow (Figs. 1 and 2). They have 
previously been documented as soft-sediment 
deformation and described as ‘slump horizons’ 
(Whitaker, 1962; Holland et al., 1963, Siveter, 
2000 and Rosenbaum, 2007), and were once 
believed to be ‘concretionary’ bands (Elles & 
Slater, 1906) although more recent descriptions 
have invoked the active tectonic environment of 
the Silurian, with the progressive closure of the 
Iapetus Ocean.  
The deformed sheets are confined to a relatively 
small area, with other examples found nearby at 
Clive Cottage (Dinham, Ludford) and St Giles 
Church, (Leintwardine, 10 km west of Ludlow) 
(Whitaker, 1962). The sediments at Whitcliffe 
were deposited on a shelf environment in close 
proximity to the basinal environment (Williams & 
Prentice, 1957; Holland & Lawson, 1963; 
Woodcock, 2000; Cherns et al., 2006) within a 
closing Iapetus Ocean. This has led to deductions 
that the deformation represents slumping due to 
instability of the shelf and/or to seismic 
liquefaction. 
Convolute bedding in Ludlow age rocks has 
been theoretically linked to the compression which 
formed the Ludlow Anticline (Williams &  
 
 
 
Figure 1. Map of Whitcliffe southwest of Ludlow town with 
locations referred to in the text highlighted (based on an 
Ordnance Survey/EDINA supplied service). 
 
 
Figure 2. Photograph of the old Whitcliffe quarry taken from 
the location highlighted on the map in Fig.1. The deformed 
horizons are highlighted (dashed lines), the scale of the 
horizons (plus vegetation cover) make them difficult to see 
from a distance. Once closer to the face the horizons are 
easily identified and traced across the quarry. Person (circled) 
for scale (184 cm). [Note: hard hats are necessary if you 
plan to approach the cliff face. Beware of, and avoid, 
overhangs. No hammering or collecting – this is a 
designated SSSI] 
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Prentice, 1957). However, this compression did 
not occur until the culmination of the Acadian 
orogeny (Whitaker, 1994). As this occurred during 
the end of the Early Devonian (Naylor, 1971; 
Woodcock & Soper, 2006) it would not be 
possible for it to have caused the sediment 
deformation. Other examples of soft sediment 
deformation in the Upper Ludlow series have been 
given possible formation mechanisms of 
earthquake activity due to the advance of a 
mountain front as a result of the inversion of the 
Welsh Basin (King, 1994) as the Iapetus Ocean 
closed. 
Soft-sediment deformation can often be linked 
to liquefaction, which results in the loss of shear 
resistance of the affected sediments (Owen, 2003). 
Liquefaction may result from many triggering 
events (storm events, seismic shock, uneven 
loading, density loading, etc.) Consequently, to 
designate a triggering mechanism to a deformation 
‘event’ all possibilities must be discussed and 
subsequently dismissed or accepted. 
This paper sets out the evidence for a seismic 
trigger for the deformation observed. 
The structure of the deformed beds and 
bounding horizontal strata are described, and 
processes responsible for the deformation are 
identified and reviewed. The sedimentary 
composition of the lithologies is briefly described. 
METHODS AND MATERIALS 
Field work was undertaken within the old 
Whitcliffe quarry. Two stratigraphic logs were 
compiled taking fist-sized samples from each 
logged bed. Axial measurements were taken from 
the folded and slumped deformation horizons. 
From the samples obtained thin sections (30 µm 
thick) were made perpendicular to bedding and 
mounted on 2.5 x 7.6 cm slides. Two polished thin 
sections were also made of Samples A1 and A18. 
Thin sections were first investigated using a 
BMSZ Trinocular Stereomicroscope and 
subsequently using a Prior Binocular PX032POL 
microscope. Measurements were taken using a 
graticule with a precision of ± 2.5µm. 
Photomicrographs were taken using a Canon 
Powershot G5 attached to a Zeiss Max ERB 
microscope. A Hitachi Tabletop TM3000 at Keele 
University with an attached Bruker Energy 
Dispersive X-ray Specrometer (Quantax 70) 
analytical system, was used to analyse the polished 
thin sections for elemental compositions. Multiple 
point analysis were made for samples A1 and A18 
of the Whitcliffe logs to determine if there are 
compositional changes within the succession. 
GEOLOGY 
The old Whitcliffe quarry displays the boundary 
between the Lower and Upper Whitcliffe 
Formations (formerly known as the Whitcliffe 
Group), of Ludfordian age. A limited outcrop of 
the Lower Whitcliffe Formation is visible within 
the old quarry but a larger exposure of the Lower 
Whitcliffe Fm. is found just to the north (20 m) 
along the Bread Walk, towards the River Teme. 
Around two metres of sedimentary rocks are seen 
overlain by around 18 m of the Upper Whitcliffe 
Formation. The Whitcliffe Formation rocks have a 
light grey colour when fresh, turning an olive to 
brownish grey with weathering through geological 
time. Bedding is thicker in the Lower Whitcliffe 
Fm. becoming increasingly thin towards the top of 
the Upper Whitcliffe Fm. (Fig. 3). The beds of the 
Whitcliffe Formation are interpreted as 
tempestites, indicating a storm-dominated weather 
system. 
The Lower and Upper Whitcliffe Formations 
consist of micaceous, calcareous siltstones. 
Coquinas are observed in both formations 
containing the common brachiopod species 
Protochonetes ludloviensis, Micro-
sphaeridiorhynchus nucula, Dayia navicula and 
the less common Salopina lunata. Coquinas and 
other shell assemblages are often found associated 
with sediment deformation and load casts. 
Thin sections show that the lithology within 
each bed is consistent (Fig. 4): a micaceous 
calcareous siltstone consisting mainly of quartz 
grains in a calcium carbonate cement. Also present 
is muscovite mica of both allo- and authigenic 
origin. Glauconite is present in small amounts in 
many slides. Organic material and clays are also 
common and are often seen in layers associated 
with dewatering. 
EDX investigation of the composition of A1 
and A18 (Fig. 4) showed that there is no 
compositional difference between the Upper and 
Lower Whitcliffe Formations. Lithologically they 
are very nearly identical (Table 1 and Fig. 5). 
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Figure 3. A correlation of sedimentary logs from locations A and B on Figure 1. Log from location A shows the Lower Whitcliffe 
Formation at the old Whitcliffe quarry, the ‘slump horizon’ (A12 ‘matrix’ and A13 ‘load’) and the base of the Upper Whitcliffe 
Formation. Numbers A1-A18 refer to bedding sample numbers. Log from location B shows the majority of the Upper Whitcliffe 
Formation (around 2 meters being too high to log) and the upper ‘slump horizon’ (B2 ‘matrix’ and B3 ‘load’). 
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Table 1 
 
 
Elemental composition of Samples A-1 (Lower Whitcliffe Fm.) and A-18 (Upper Whitcliffe Fm.). Samples show very similar 
elemental compositions suggesting little change in sediment provenance or environmental conditions of deposition. See Figure 3 
for positions of samples in relation to one another. 
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Figure 4. A and B are photomicrographs from slides of A1 
and A18 respectively. A* and B* are Back Scatter Electron 
images of samples A1 and A18 respectively. Compositionally 
the samples are the same, grains are slightly smaller in A18 
than A1. Note: colour difference in A* and B* is due to a 
difference in contrast whilst imaging. 
 
 
 
Figure 5. Bar chart summarising multi point analysis results. 
Y axis = weight percentage.  A1 and A18 have very similar 
compositions, indicating that there is no compositional 
difference throughout the Whitcliffe Formations at the old 
Whitcliffe quarry. 
 
 
Fossil remains in the sections comprise mainly 
brachiopods preserved as calcium carbonate, with 
most samples demonstrating recrystallisation. 
Spores are also quite an abundant feature and are 
most likely to be Retusotriletes cf. warringtonii 
(Richardson & Lister, 1969). Fragments of 
calcium phosphate are found in numerous slides 
and are quite possibly fragments of chitin from the 
carapace of eurypterids. Evidence of corals and 
gastropods was also found. 
Sedimentary features observed were: 
dewatering, bioturbation, lamination and the 
occasional grading of laminae. 
SOFT SEDIMENT DEFORMATION 
Two conspicuous horizons of sediment 
deformation were observed within the old 
Whitcliffe quarry, the lowest being 1.7 m up the 
quarry face above the dressing floor. The horizon 
is around 20 cm thick and is laterally continuous 
for several metres before being concealed by 
vegetation and soil. Simple and pendulous load 
casts and pseudonodules as defined by Owen 
(2003) ranging from 10 cm to 40 cm in width are 
found at a high periodicity along the horizon (Fig. 
6). Dewatering marks are common within the 
matrix layer of the horizon between the loads. This 
horizon can be observed again 80 m to the west of 
the main quarry face but is only discernable for a 
short distance. 
The second horizon is around 4 m from the 
ground at the main quarry face becoming nearer to 
ground level to the west. This horizon is positioned 
at the top of the Lower Whitcliffe Formation and is 
used as the boundary marker between the Lower 
and Upper Whitcliffe Formations. The horizon is 
around 40 cm thick and is laterally continuous 
throughout the whole section. As in the lower 
horizon, simple and pendulous load casts and 
pseudonodules can be observed along this horizon. 
Load casts range from 20 cm up to 100 cm in 
width within this horizon. Convolute beds are also 
obvious. However, the axes of these convulsions 
exhibit no evidence of a dominant direction of 
overturning (i.e. vergence), the orientation of the 
fold axis being either vertical or nearly so. 
In the deformed horizons some coquinas are 
deformed along with the sediment; in some cases 
the overturning of coquinas occurs. Dewatering 
marks were observed in most beds along the 
section, particularly in the upper beds. 
The soft sediment deformation is exposed only 
as a 2D section across the quarry face and has 
therefore been described as such. However, it is 
conceivable due to the periodicity and shape of 
load casts that the horizons may represent 
thixotropic bowls in 3D (Fig. 6C) (as described by 
Montenat et al., 2007). 
DISCUSSION 
Load structures can develop from the mechanical 
instability initiated when denser sediment is 
deposited over less dense sediment (Selker, 1993) 
or when a difference in distribution of loads occurs 
under water saturated conditions (Owen, 2003). 
The driving force behind this instability is an 
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important factor in deformation history and may 
aid in the identification of a triggering mechanism. 
The lack of any dominant fold axial trends 
(they are generally vertical to very steeply dipping 
with no dominant vergence) indicates that 
deformation is not due to over-steepening of the 
shelf environment on which sedimentation was 
occurring. According to Allen (1982), other than 
over steepening, earthquakes are the most common 
causes of soft-sediment deformation.  
Uneven loading arises from lateral variations in 
the distribution of sediments and leads to varying 
bulk densities. Deformation occurs when the 
sediments become liquefied, the lower layer being 
unable to support the surface loads. Uneven 
loading can occur even if there is no density 
variation between the sediment load and the 
substrate (Owen, 2003). 
As density levels between the matrix and loads 
of the deformation events appear similar, uneven 
loading may be considered to be the driving force 
behind the deformation. However, it could be 
argued that uneven deposition of sediments is 
unlikely in the depositional environment 
interpreted for the Whitcliffe Formation and no 
evidence of uneven loading was observed. 
Density loading is driven by a gravitationally 
unstable profile (i.e. a denser material lying upon a 
less dense material) a reverse density gradient 
creates a Rayleigh-Taylor instability when 
liquefied (Selker, 1993; Owen, 2003; Bridge & 
Demico, 2008).  
Density loading in this manner is the preferable 
driving force for the load cast horizons found at 
Whitcliffe and surrounding areas. Due to the 
similarity in lithology between the loads and the 
matrix, the difference in density might be 
explained by a difference in packing or 
liquefaction between the layers. For a difference in 
packing to be responsible the load layer would 
have to be packed tighter than the matrix. This 
poses a problem as there is no evidence for a 
change in sedimentation or of tighter packing, 
although it is conceded that evidence of tighter 
packing can be destroyed in deformation or burial 
processes (Owen, 2003). It is therefore most likely 
that a difference in fluidisation is the cause for the 
divergence in density: the matrix becoming more 
fluidised than the load and initiating deformation.   
With deformation being interpreted as being 
driven by density loading it is possible to infer a 
mechanism which initiated the loading, the 
mechanisms considered are those known to be 
common triggers. 
Deformation due to Turbidity Currents 
Turbidity currents are often associated with 
slumping. Commonly transporting sediments from 
shallow to basinal facies, they are driven by 
gravity acting upon a sediment load on a slope 
(King, 1994; Collinson et al., 2006). Liquefied 
sediment slumps and slides can occur on a slope of 
just 3° (Bridge & Demicco, 2008). Deposits occur 
when the gradient of a slope decreases causing 
deceleration, which in turn causes turbidity of the 
sediments forming slumped and folded laminae. 
The deformation observed at the old Whitcliffe 
quarry have been interpreted as load casting and 
the presence of a palaeoslope is not inferred from 
field data. Triggering by turbidity current is 
thereby excluded. 
Deformation due to Storm Waves (Tempestites) 
Aigner (1985) named deposits formed during 
storm events as Tempestites. In his work he 
demonstrates how the stratification characteristics 
of tempestites can be used to reconstruct aspects of 
the depositional dynamics of the sediment. The 
factors of deposition that can be obtained from 
stratification characteristics are: minimal amount 
of erosion during a storm event (recorded by the 
preservation of trace fossils); the direction of storm 
flow (recorded by tool marks preserved on the sole 
of tempestites); storm flow velocity (recorded by 
grain sizes of tempestites); substrate consistency 
(inferred from post-event faunas on top of 
tempestites). 
Nichols (1999) describes tempestites as 
deposits across shelf areas caused by scouring of 
the coast and movement of the eroded materials 
where it is deposited as wave energy decreases. 
Tempestites can be identified by sole marks, 
hummocky and swaley cross stratification, normal 
grading and symmetrical ripples. Sediment 
deformation due to storm waves was described by 
Alfaro et al. (2002). They describe load casts, ball-
and-pillow structures and pipes induced by the 
liquefaction of sandy sediments. Oceanic storms 
can cause the liquefaction of sediments due to 
storm microseisms which result from the collision 
of waves with different directions, but similar 
periods. This can result in shock waves on the sea 
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bed which can induce dewatering, resulting in 
deformation (Darbyshire, 1962; Leppard, 1978; 
King, 1994).  
Deposits of the Whitcliffe Formation are 
dominated by tempestites, many of the beds 
exhibiting characteristics described by Aigner 
(1985). Storms could therefore be a likely trigger 
for liquefaction and are suggested as being likely 
for creating the small scale dewatering and load 
casting found elsewhere in the section. As storm 
deposits are commonly observed at Whitcliffe they 
are unlikely to be triggers for the two main load 
cast horizons since, if they were, many more 
horizons of major soft sediment deformation 
would be expected. A change in lithological 
properties would also be expected for what would 
be ‘larger’ storm events. Triggering by storm 
waves is therefore unlikely. 
Deformation due to Tsunami 
Tsunamites are sediments deposited by a tsunami. 
Tsunami-related deposits of both historic and 
ancient events have been described by various 
authors (Dawson et al., 1996; Bondevik et al., 
1997; Michalík, 1997; Schnyder et al., 2005; 
Kortekaas & Dawson, 2007; Puga-Bernabéu et al., 
2007; Komatsubara et al., 2008). Tappin (2007) 
and Schnyder et al. (2005) express the view that 
tsunami events are common, recurring events. 
Multiple triggering mechanisms have been 
described: earthquake, volcanic explosion, slope 
instability or bolide impact (Bondevik et al., 1997; 
Shanmugam, 2006). Sediments deposited by 
tsunami are often similar to tempestite deposits 
and have sometimes been misidentified (Tappin, 
2007). Several characteristics of tsunamite deposits 
include: a large inland extent, boulders, one or 
more fining up sequences, intraclasts from 
underlying materials, loading structures at base, bi-
directional imbrication, poorly sorted sediments, 
diverse fossils (marine and brackish), shell rich 
units, and rafting of light materials (Kortekaas, 
2002). Schnyder et al. (2005) described the 
features of a tsunami-induced sediment in the 
Boulonnais area. These were: coquina 
accumulations at the base of deposits, a scoured 
erosional surface, load structures and soft sediment 
deformation, the mixing of fossils and / or 
microfossils from different environments, a rapid 
lateral change of facies, and pebbles, 
conglomerates, reworked blocks and woody debris 
near the top of the sequence. 
At the old Whitcliffe quarry coquinas are 
common at the base of the deposits and scoured 
erosional bases are present. These features are all 
observable in field, which would suggest tsunamis 
may be a plausible triggering mechanism. 
However, one would expect a difference in 
lithology and fossil assemblage for sediments 
deposited by a tsunamite compared to the 
“background” sediments. Differences expected 
would include: a mixing of fossils from different 
environments and pebbles, conglomerates and 
reworked blocks in the sediments. As neither a 
difference in lithology nor ecology is found, 
triggering by tsunami is considered unlikely. 
Deformation due to Sedimentary Overloading 
Sedimentary overloading is the rapid input of 
sediment onto water saturated sediments which 
induces liquefaction and soft sediment deformation 
(Moretti, 2001). 
No evidence of rapid sedimentation or changes 
in sedimentation rates were observed within the 
section. Rapid input of sediment generally occurs 
in basinal environments which does not fit in with 
the facies interpretations for the deposition of the 
Whitcliffe Formation. Triggering by rapid 
sedimentation is thereby excluded. 
Deformation due to Rapid Change in 
Groundwater Level 
A rapid change of groundwater due to high rainfall 
on the hinterland would be expected to cause 
dewatering structures. 
This trigger could be responsible for the 
dewatering structures observed. However, rapid 
change in groundwater would not cause the load 
casting and pseudo-nodules observed. Triggering 
due to rapid change in ground water level is 
thereby excluded. 
Deformation due to Seismic Shock 
Seismites are deformational structures of sediments 
attributed to seismic shock (Seilacher, 1969; 
Marjanac, 2001; Bowman et al., 2004; Jewell & 
Ettensohn, 2004; Bachmann & Aref, 2005; Gilbert 
et al., 2005; Mazumder, 2005; Simms, 2007; 
Spalluto et al., 2007) and were first described by 
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Seilacher (1969). Pope et al. (1997) describe 
seismites as being either primary or secondary. 
Primary seismites are sediments deformed in situ 
by a seismic event. Secondary seismites are 
sediments remobilised as a result of a seismic 
event (some turbidites, slumps, tsunamites, debris 
beds and homogenized units). 
Structures ranging from undisturbed to faulted 
to liquefied deformation have been recognised as 
seismites (Marjanac, 2001). Depositional features 
of seismites are similar to those of other trigger 
mechanisms, as liquefaction is the chief 
deformation mechanism. Structures include 
slumping, flame structures, load casts (Marjanac, 
2001 and Bowman et al., 2004), convolute 
bedding (Bowman et al., 2004) and sedimentary 
breccias (Pope et al., 1997). Seismically-induced 
slumps and slides can occur on slopes as gentle as 
0.25° (Field et al., 1982). Slumps have also been 
interpreted as being formed by seismic shock on 
almost flat shallow sea bottoms (Rossetti & 
Santos, 2003). 
Seven field criteria for seismites have been 
suggested for relating deformation features to 
palaeoseismic events (Bowman et al., 2004). 
These criteria are: 
 
• Suitable location in a seismically active (at 
time of deformation) area, 
• Suitable sediments (loosely consolidated, 
metastable silts and sands with low 
cohesion), 
• Structures similar to those formed 
experimentally under conditions of 
earthquake-induced shaking (Owen, 
1996), or structures similar to those 
reported as seismites by other authors, 
• An area where slope instability caused by 
gravity control can be excluded, 
• A stratigraphically sandwiched position, 
• Lateral continuity and regional abundance, 
• Cyclic repetitions of structures (cyclic 
repetition is expected in seismic zones). 
 
The horizons at the old Whitcliffe quarry, meet all 
of these suggested criteria. The lithology and type 
of deformation observed are suitable, the horizons 
are in a stratigraphically sandwiched position and 
they are laterally continuous and observed 
elsewhere in the region. The horizons also exhibit 
a cyclic repetition (i.e. there are two horizons 
separated by non-deformed strata) and the area 
was seismically active at the time of their 
formation. 
Triggering by seismic shock is therefore 
possible and is logically the most likely cause for 
the deformation observed. 
Trigger for the Seismic Shock 
Seismites in the Whitcliffe Formation are 
observable at the old Whitcliffe quarry, the Clive 
Cottage outcrop (less than a kilometre from 
Whitcliffe) and 10 km away at Leintwardine. This 
would suggest that the shock responsible for the 
seismites was localised. Due to this localised 
nature it is likely that the load casts represent a 
cross section through a field of thixotropic bowls. 
Montenat et al. (2007) suggest that thixotropic 
bowls occur as a result of localised, periodical 
liquefaction due to seismic shaking, and occur 
close to faults that are active during sedimentation. 
Localised seismic shock in the Ludlow area 
during the deposition of the Whitcliffe Formation 
is suggested as arising from movement along the 
Church Stretton Fault. Woodcock (1988) and 
Woodcock & Gibbons (1988) suggest that the 
Church Stretton Fault system was operating in a 
strike-slip fashion during the late Katian and 
Hirnantian (Ashgill) and was then reactivated 
during the Acadian orogenic event. Naylor (1971), 
Woodcock (1988) and Woodcock & Gibbons 
(1988) give the beginning of the Acadian event as 
Early Devonian, whereas Tucker et al. (2001) give 
the starting date as Late Silurian. Strike-slip 
movement along the faults during the deposition of 
the Whitcliffe Formation is plausible and it is 
reasonable to assume such movement is the trigger 
for the localised, cyclic seismic activity 
responsible for the two horizons. Further 
movement of this fault during the Acadian is not 
recorded at this location due to the terrestrial 
nature of the succeeding (younger) strata. Figure 7 
shows a possible, schematic, palaeogeographical 
reconstruction of the area. 
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Figure 6. Examples of load casting and convolute bedding exposed in the old Whitcliffe quarry. (A) Photo montage of a well 
exposed section of the lower deformation horizon towards the top of the Lower Whitcliffe Formation, 2.4 m below the contact with 
the Upper Whitcliffe Fm. Undeformed strata can be observed both above and below the soft sedimentary deformation. Several 
prominent load casts with associated dewatering features are shown. Hammer head for scale (17 cm). (B) Schematic interpretation 
of A, the relationship between the load and matrix layers is highlighted. (C) Three dimensional interpretation of the load casts as 
thixotropic bowls. (D) Further examples of the load casts (arrows) with several convolute bedding planes highlighted (dashed 
lines). (E) Photograph showing several prominent convolute beds, highlighted as dashed lines; axial traces have been included 
displaying the vertical/very steep nature of the convulsions; no vergence is apparent. (F) Photograph showing the relationship 
between adjacent load casts (arrows); matrix material is often seen to be injected between the loads to create dewatering structures. 
Such structures are referred to as flame structures. (G) Photograph of an individual load cast. At this scale internal deformation can 
be observed within the larger structure. The small scale soft sedimentary deformation includes convolute laminae and small scale 
dewatering features. Pen for scale in D, F and G (14 cm). 
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Figure 7. Schematic cartoon reconstruction of the possible 
palaeogeography of the Ludlow district in Whitcliffe 
(Ludfordian) times. The reconstruction shows how various 
forms of soft sediment deformation observed within the 
Whitcliffe Formation at different locations may have 
formed. The dashed lines annotated as “Convoluted bedding 
horizons” indicate the stratigraphic position of the beds 
described in this paper (and others found locally). However, 
rather than stretching across the entire shelf, they are 
envisaged as having formed within a 10 to 15 km radius of 
Ludlow. The Tatteridge Channel is one of several submarine 
channels recognised in the vicinity (see Whitaker, 1962). 
These were cut and filled predominantly during Lower 
Leintwardine times and deepened from the shelf toward the 
basin. In the case of the Tatteridge Channel, its northern 
edge was defined by a normal fault. Although the channel 
was mostly filled during the Lower Leintwardine its 
presence (and that of the associated fault) was likely to have 
contributed to increased instability of the shelf. Sheet style 
slumping in Powys (Woodcock, 1976) consists of highly 
deformed sediments (folds are often tight or isoclinal and are 
commonly recumbent) that have been described as ‘slump 
folds’. 
CONCLUSIONS 
The upper Ludfordian rocks observed within the 
old Whitcliffe quarry, Ludlow, are micaceous 
calcareous siltstones, formed in a storm-
dominated shallow marine to terrestrial transition. 
Palaeoecology is restricted; this most likely 
represents a brackish environment.  
Soft sediment deformations observed in the old 
Whitcliffe quarry comprise minor dewatering 
events with two bands of extensive load casting 
accompanied by convolute bedding, which in 3D 
most likely represent thixotropic bowls. The 
deformation along these bands is considered to be 
due to density loading driven by differential 
fluidisation. 
Liquefaction is believed to have been driven 
by a seismic shock, quite possibly due to 
movement along the nearby Church Stretton 
Fault. The deformation bands are therefore 
interpreted as seismites. 
 
ACKNOWLEDGEMENTS 
Gill Meehan and Dave Evans from Natural England are 
thanked for granting permission to sample the Whitcliffe 
SSSI site. Alan Poulton from The Friends of Whitcliffe 
Common and the Trustees of Plymouth Estates are thanked 
for granting access to the sampling location. Pete Greatbatch 
and Dave Wilde (Keele University) are thanked for their 
excellent technical support. This work was conducted in 
2009 as part of the author’s undergraduate Masters final year 
project at Keele University. 
REFERENCES 
Aigner, T. (1985). Storm Depositional 
Systems. In: Freidman, G. M. Neugebauer, 
J. & Seilacher, A. (Eds.) Lecture notes in 
Earth Sciences. Springer-Verlag. 
Alfaro, P., Delgado, J., Estévez, A., Molina, 
J.M., Moretti, M. & Soria, J.M. (2002). 
Liquefaction and fluidization structures in 
Messinian storm deposits (Bajo Segura 
Basin, Betic Cordillera, southern Spain). 
International Journal of Earth Sciences, 91, 
505-513 
Allen, J.R.L. (1982). Sedimentary Structures: 
Their Character and Physical Basis. 
Elsevier. 2, 663 pp. 
Bachmann, G. & Aref, M.A.M. (2005). A 
seismite in Triassic gypsum deposits 
Grabfeld Formation, Ladinian, southwest 
Germany. Sedimentary Geology, 180, 75-89 
Bondevik, S. Svendsen, J.I. & Mangerud, J. 
(1997). Tsunami sedimentary facies 
deposited by the Storegga tsunami in 
shallow marine basins and coastal lakes, 
western Norway. Sedimentology, 44, 1115-
1131 
Bowman, D., Korjenkov, A. & Porat, N. 
(2004). Late-Pleistocene seismites from 
Lake Issyk-Kul, the Tien Shan range, 
Kyrghyzstan. Sedimentary Geology, 163, 
211-228 
Bridge, J. & Demicco, R. (2008). Earth surface 
processes, landforms and sediment deposits. 
Cambridge University Press, 352-358 
Cherns, L., Cocks, L.R.M., Davies, J.R., 
Hillier, R.D., Waters, R.A. & Williams, M. 
(2006). Silurian: the influence of extensional 
tectonics and sea-level changes on 
sedimentation in the Welsh Basin and on the 
Midland Platform. In: Brenchley, P.J. & 
Rawson, P.F. (Eds.). The Geology of 
 LUDLOW SEISMITES  
 
 
Proceedings of the Shropshire Geological Society, 18, 61−73 71 © 2017 Shropshire Geological Society
 
England and Wales. Second Edition. The 
Geological Society, London. 75-102 
Collinson, J., Mountney, N. & Thompson, D. 
(2006). Sedimentary Structures. Terra 
Publishing, 182-242 
Darbyshire, J. (1962). Microseisms. In: Hill, 
M.N. (Ed.). The Sea. Interscience Publishers 
1, 700-715 
Dawson, A.G., Shi, S., Dawson, S., Takahashi, 
T. & Shuto, N. (1996). Coastal 
sedimentation associated with the June 2nd 
and 3rd 1994 tsunami in Rajegwesi, Java. 
Quaternary Science Reviews, 15, 93-106 
Elles, G.L. & Slater, I.L. (1906). The highest 
Silurian rocks of the Ludlow District. 
Quarterly Journal of the Geological Society 
of London, 62, 195-222 
Field, M.E., Gardner, V., Jennings, A.E. & 
Edwards, B.D. (1982). Earthquake-induced 
sediment failures on a 0.25° slope, Klamath 
River delta, California. Geology, 10, 542-
546 
Gilbert, L., Sanz de Galdeano, C., Alfaro, P., 
Scott, G. & López Garrido, A.C. (2005). 
Seismic-induced slump in Early Pleistocene 
deltaic deposits of the Baza Basin (SE 
Spain). Sedimentary Geology, 179, 279-294 
Holland, C.H. & Lawson, J.D. (1963). Facies 
patterns in the Ludlovian of Wales and the 
Welsh Borderland. Liverpool and 
Manchester Geological Journal, 3, 269-288 
Holland, C.H., Lawson, J.D. & Walmsley, V.G. 
(1963). The Silurian rocks of the Ludlow 
District, Shropshire. Bulletin of the British 
Museum of Natural History. Geological 
series, No. 8. 93-171 
Jewell, H. & Ettensohn, F.R. (2004). An 
ancient seismite response to Taconian far-
field forces: The Cane Run Bed, Upper 
Ordovician (Trenton) Lexington Limestone, 
central Kentucky (USA). Journal of 
Geodynamics, 37, 487-511 
King, L.M. (1994). Turbidite to storm 
transition in a migrating foreland basin: the 
Kendal Group (Upper Silurian), northwest 
England. Geological Magazine, 131, 255-
267 
Komatsubara, J., Fujiwara, O., Takada, K., 
Sawai, Y., Tin Aung, T. & Kamataki, T. 
(2008). Historical tsunamis and storms 
recorded in a coastal lowland, Shizuoka 
Prefecture, along the Pacific Coast of Japan. 
Sedimentology, 55, 1703-1716 
Kortekaas, S. & Dawson, A.G. (2007). 
Distinguishing tsunami and storm deposits: 
An example from Martinhal, SW Portugal. 
Sedimentary Geology, 200, 208-221 
Lawson, J.D. & White, D.E. (1989). The 
Ludlow Series in the Ludlow area. In: 
Holland, C.H. & Bassett, M.G.  (Eds.). A 
Global Standard for the Silurian System. 
National Museum of Wales. Geological 
series No. 9, pp. 73-90 
Leppard, R.K. (1978). Convolute laminations 
in the Turbidites of the Aberystwyth Grits. 
Journal of the Geological Society of 
London, 135, 248-253 
Marjanac, T., Marjanac, L., Poljak, M., Živčič, 
M. & Bavec, M. (2001). Srpenica seismites 
– indicators of paleoseismicity in the Upper 
Soča valley, NW Slovenia. Geologija, 42, 
341-350 
Mazumder, R., Van Loon, A.J. & Arima, M. 
(2005). Soft-sediment deformation 
structures in the Earth’s oldest seismites. 
Sedimentary Geology, 186, 19-26 
Michalík, J. (1997). Tsunamites in a storm-
dominated Anisian carbonate ramp (Vysoká 
Formation, Malé Karpaty Mts., Western 
Carpathians). Geologica Carpathica, 48, 
221-229 
Montenat, C., Barrier, P., Ott d’Estevou, P. & 
Hibsch, C. (2007). Seismites: An attempt at 
critical analysis and classification. 
Sedimentary Geology, 196, 5-30 
Moretti, M., Soria, M.J., Alfaro, P. & Walsh, 
N. (2001). Asymmetrical soft-sediment 
deformation structures triggered by rapid 
sedimentation in turbiditic deposits (Late 
Miocene, Guadix Basin, southern Spain). 
Facies, 44, 283-294 
Naylor, R.S. (1971). Acadian Orogeny: an 
Abrupt and Brief Event. Science, 172, 558-
560 
Nichols, G. (1999). Sedimentology and 
Stratigraphy. Blackwell Publishing, pp. 
217-218 
Owen, G. (1996). Experimental soft sediment 
deformation structures formed by the 
liquefaction of unconsolidated sands and 
some ancient examples. Sedimentology, 43, 
279-293 
 S.L. ROGERS  
 
 
Proceedings of the Shropshire Geological Society, 18, 61−73 72 © 2017 Shropshire Geological Society
 
Owen, G. (2003). Load structures: gravity-
driven sediment mobilization in the shallow 
subsurface. In: Van Rensbergen, P., Hillis, 
R.R., Maltman, A.J. & Moreley, C.K. (Eds.) 
Subsurface Sediment Mobilization. 
Geological Society, London, Special 
Publications, 216, 21-34 
Pope, M.C., Read, J.F., Bambach, R. & 
Hofmann, H.J. (1997). Late Middle to Late 
Ordovician seismites of Kentucky, 
southwest Ohio and Virginia: Sedimentary 
recorders of earthquakes in the Appalachian 
basin. Geological Society of America 
Bulletin, 109, 489-503 
Puga-Bernabéu, Á., Martín, J.M. & Braga, J.C. 
(2007). Tsunami-related deposits in 
temperate carbonate ramps, Sorbas Basin, 
southern Spain. Sedimentary Geology, 199, 
107-127 
Richardson, J.B. & Lister, T.R., 1969. Upper 
Silurian and Lower Devonian spore 
assemblages from the Welsh Borderland and 
South Wales. Palaeontology, 12, 201-252 
Rosenbaum, M.S., 2007. The building stones of 
Ludlow: a walk through the town. 
Proceedings of the Shropshire Geological 
Society, 12, 5-38 
Rossetti, D.F. & Santos Jr, A.E. (2003). Events 
of sediment deformation and mass failure in 
Upper Cretaceous estuarine deposits 
(Cametà Basin, northern Brazil) as evidence 
for seismic activity. Sedimentary Geology, 
161, 107-130 
Schnyder, J., Baudin, F. & Deconinck, J.F. 
(2005). A possible tsunami deposit around 
the Jurassic-Cretaceous boundary in the 
Boulonnais area (North France). 
Sedimentary Geology, 177, 209-227 
Seilacher, A. (1969). Fault-graded beds 
interpreted as seismites. Sedimentology, 13, 
155-159 
Selker, J.S. (1993). Expressions for the 
formation of load casts in soft sediment. 
Journal of Sedimentary Research, 63, 1149-
1151 
Simms, M.J. (2007). Uniquely extensive soft-
sediment deformation in the Rhaetian of the 
UK: Evidence for earthquake or impact? 
Palaeogeography, Palaeoclimatology, 
Palaeoecology, 244, 407-423 
Siveter, D.J. (2000). The Ludlow Series. In  
(Ed. L.P. Thomas) British Silurian 
Stratigraphy. Geological Conservation 
Review Series 19. Joint Nature 
Conservation Committee, pp. 325-422 
Shanmugam, G. (2006). The tsunamite 
problem. Journal of Sedimentary Research, 
76, 718-730 
Spalluto, L., Moretti, M., Festa, V. & 
Tropeano, M. (2007). Seismically-induced 
slumps in Lower-Maastrichtian peritidal 
carbonates of the Apulian Platform 
(southern Italy). Sedimentary Geology, 196, 
81-98 
Tappin, D.R. (2007). Sedimentary features of 
tsunami deposits – Their origin, recognition 
and discrimination: An introduction. 
Sedimentary Geology, 200, 151-154 
Tucker, R.D., Osberg, P.H. & Berry IV, H.N. 
(2001). The geology of a part of Acadia and 
the nature of the Acadian Orogeny across 
Central and Eastern Mainne. American 
Journal of Science, 301, 205-260 
Whitaker, J.H.M. (1962). The geology of the 
area around Leintwardine, Herefordshire. 
Quarterly Journal of the Geological Society, 
118, 319-347 
Whitaker, J.H.M. (1994). Silurian basin slope 
sedimentation and mass movement in the 
Wigmore Rolls area, central Welsh 
Borderland. Journal of the Geological 
Society, 151 27-40 
Williams, B.J. & Prentice, J.E. (1957). Slump-
Structures in the Ludlovian Rocks of North 
Herefordshire. Proceedings of the 
Geologists’ Association, 68, 268-293 
Woodcock, N.H. (1988). Strike-slip faulting 
along the Church Stretton Lineament, Old 
Radnor Inlier, Wales. Journal of the 
Geological Society, London, 145, 925-933 
Woodcock, N.H. & Gibbons, W. (1988). Is the 
Welsh Borderland Fault System a terrane 
boundary? Journal of the Geological 
Society, London, 145, 915-923 
Woodcock, N.H. (2000). Late Ordovician to 
Silurian evolution of Eastern Avalonia 
during convergence with Laurentia. In: 
Woodcock, N.H. & Strachen, R. (Eds.). 
Geological History of Britain and Ireland. 
Blackwell Science, pp. 168-184 
Woodcock, N.H. & Soper, N.J. (2006). The 
Acadian Orogeny: the mid-Devonian phase 
of deformation that formed slate belts in 
England and Wales. In: Brenchly, P.J. & 
 LUDLOW SEISMITES  
 
 
Proceedings of the Shropshire Geological Society, 18, 61−73 73 © 2017 Shropshire Geological Society
 
Rawson, P.F. (Eds.). The Geology of 
England and Wales. Second Edition. The 
Geological Society, London, pp. 131-146 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Copyright Shropshire Geological Society © 2017. 
 
ISSN 1750-855x 
